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CIFSTANDARDSBCII)Y4811CCIIRMKLCROI’CIRBLflDES

ByJohnC.l!reche

SUMMARY.

NaticmalBureauofStandardsBody4811Cceramicbladeswere
usedina continuationoftheinvesti$athnoftheproblemsinvolved
intheadaptimofcersnicmaterialstostressedturbinecompments.

Preliminaryspinteststotipspeedsof737feetpersecond
(14,000rpm)weremadeofaU bladeass&mbliestochecktheblades
forflawsnotrevealedbyvisualinspection.Rotatingheat-shock
runsweremadewithbladesusedina previousenduranceoyeratim
andwithnewblades.Theusedbladeswithsto@coqleteheat-shock
cyclesinwhichtie-S temperaturewasvariedfrom300°to1800°
to300°J?atcentrifugalbladeloadsuptoone-haifthedesign
load.Thenewbladeswithstocdsimilarcompleteheat-shockcycles
atbladeloadsuptoapproximatelythree-fourthsthedesignload.
ThesebladesalsosuccessfullywithstooUa decreasing-temperature
heatshockinwhichthegastemperaturewasdecreasedfrom17000
to400°F in4 seoondstier a centrifugalloadapproxtiatelythree-
fourthsofthedesignvalue.Theseresultsindicatedthat a start-
ingandshutdownproceduremorenearlylikethatofa conventional
metal-bladeturbinecanbefollowedwithBody4811Cblades.

Limitedenduranceoyerationwascmductedataninlet-gastemper-
atureof1800°F anda tipspeedof842feetperseccmd(16,000rpn)
andataninlet-~s temperatureof2000°F witha tipspeedof
631feetperseccmd(12,000rpm)withoutdamagetotheblades.These
caditionsconside~blyexceedthoseachievedwithBody48XLCblades
duringthepreviousinvestigation.

Theinvesti.gaticmalsoshowedthatthemethodofreducingstress
ccmcemtraticmsatthebladesupportingshouldersintroducedinthe
previousinvesti~tionwassatisfactoryuptotipspeedsof842feet
persecond.
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INTRmmm

An inveetigat&of ceramtcturbinebladesisbeingccmducted
attheNACALewislaboratoryaspartofa generalprogramtoin-
creaseturbine-Met gastemperalmrres.Severalcharacteristics
thatmaketheuseofceramicsforgas-turbinebladesparticularly
desirableare: (1)considerablereductioninheatlossascom-
p=edwithcooledturbines,(2)favorablestrength-to-densityratio,
and(3)strengthathQh temperatures.

Thefirstceramicturbinebladesweremadeofsillimanite
(referance1). Twobladedesi~swereused;theseconddesign
wasdevelopedforticreasedstrengthtocorrectthecauseof
failureofthefirstdesi~. Theturbinewasoperatedattilet-
gastemperaturesupto1.725°3’andatturbinetipspeedsupto
526feetpersecond(10,000rpm)withtheseblades.Anothercer~c-
bladeturbinewasoyeratedwithNablanalBureauofStsndards
Wdy4811Cbladesofthesamedesi~asthesecond-t~esi2Mmanite
blades(reference2). Theturbine-diskdesignendthemethodof
bladeattachmentwerealteredtopermitturbineoperationupto
tipspeedsof737feetpersecond(14)000rpn)andaninlet-gas
temperatureof1800°F. Atthatoperatingpoint,bladebreakage
occurredbecauseofa completeheat-shockcycle.

AlthoughthespecificproblemsinvolvedIntheadapticmof
ceramicmaterialstostressedturbinecomponentsarestillbasically
thesame,theeqhasiscmcertainaspectshaschanged.Becausethe
blade-mounttigyroblemhasbeensolvedfortipspeedsuy to
737feetperseccnd(14)000rpm)athighinlet-gastemperaturesand
thefailureofBody4831Cbladeswascausedprimarilybyheatshock,
theproblemsfortheinvesti~ticmreportedhereinareintheorder
ofimportance:

(1)Thebladesmustwithstanda reasonableheatshockwhile
bein~centri~llystressed.

(2)Thebladesmustbeabletowithstandhighteqeratureend
thestressesofhigh-speedoperation.

(3)llhebladesmustbeattachedtothediskinsuchamnner
thatstressconcentrationsattheblade-supportingsurfaceswillbe
minitizedto~reventfractureendinsurecmtinuedoperatimat
higherspeedsandtemperatures.

9
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Becausethe
werenotreached

3

Mmiting-strengthconditionsofBody481.lCbbles
fntieinvestigationdescribedinreference2,tie

workwiththeseKladeswascontinued.Nodesiguchangesweremade
intheapparatusexceptfora fewmechanicaladjustmentsintiedisk
ma shaft assembly.BecausethebladebreakagewithBody481J.C
blades(reference2)resultedprimsrilyfromheatshock,a testwas
desi~edtodeterminetheheat-shockchezacteristicsoftieseM.ailes
undercentrifu@load.Nomeasurementsofbladeteqeratureswere
made;alltemperaturesgivenareinlet-gastemperatures.

Spin,rotatingheat-shock,sndendurancetestsweremade.The
s@n testsconsistedino~eratingtheturbineina partialvacuum
uptoa turbinetipspeedof737feetpersecond(14,000r~) end
weremadewithallbladeasseaibliespriortoanyothert~e ofrun
b ordertoelindnatebladeswitihiddenflawsundetectedbyvisual
inspectim.Therotatingheat-shockrunsconsistedinvsqingthe
inlet-es temperatureovera definiterangewhiletheturbinewas
beingoperatedateachofseveraltipsyeedsupto842feetpersecond
(16,000r~). Theresultingcentrifugalstressisapproximately
three-fourthsthedesignvalueof6790poundspersqusreinohata tip
speedof1000feetpersecond(19,000rpm)attherootoftheaerody-
namicsectionoftheblade.Theminimumcompletecycleofgaa-
temperaturevsriationwas2minutesamithemsxhnumtemperaturerange
wasfrom3000to18000F. Theserunswereintendedtodeterminethe
heat-shockresistanceofBcxly4811Cbladesundercentrifugalstressso
thata safer=d fastero~eratingprocedurecouldbeevolved.The
end~ce runsweremadeatturbineinlet-gastempemturesupto
2000°1?andturbinetipspeedsup to842feetpersecond(16,000rpn)
todeterminetieMmitingstrengthcharacteristicsofBody4811C
bladesunderturbineoperat~conditions.

AEMBAm

Thecompcmentsoftheturbinerotorandrigandthemethodof
supportingthebladesintherotoraredescribedinreference2.

.
Bladematerial.-Thebladematerialusedinthisinvestigation

andinreference2wasNationalBureauofStandardsBody481.M.In
reference2 thematerialisdesignatedNationalBureauofStandards
Body4811.similartotheBureauofStandardsusageinreference3.
Thedesignationinreference4 is“Body4811C,48Be0,‘1203~Zr02
(mole)plus2percentCaObywei~t.” Thenominalcompositionof
thismaterialinpercentbyweightis

Cao Beo A1203 !ZX02

2*O 84*2 7.2 8.6
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tiaccordancewiththeusageofreference4,thematerialwillbe
desi~tedhereinBody4811C.

TurMne disks.-Minormechanicalchangesweremadeintie
experimentalapparatustoprovidea bettermethodoffasteningthe
diskstogetherandtotheshaft.Thesechangesresultedina
siqlifiedmethodofassemblyandaddedtothemechanicalstability
oftherig.Thediskherewasincreasedanda sleevewasprovided
uponwhichthediskswereplacedandsopinnedthatnorelative
motionbetweensleeveanddiskscouldoccur(fig.1). ~iS disk-
and-sleeveasseniblywasslippedovertheshaftendheldinplaceby
anothernutthatlockedthesleevetotheshaft.Theintermediary
sleevewasplacedbetweenthedisksandtheshafttoabsorbpossible
bendingloadsimposedm theshaftfroma slig$rtmisalinementofthe
heavydisks.Fourthrou#boltswereinstalledata radiussli@My
lessthantheinnerradiusoftheblade-ringassemtd.yasenadditional
meansofuniformlyclam@ngthediskstogether(fig.1).

W assenibling the disksandthebladering,anaxialloadwas
aypliedtothediskshya hydraulicpresswhilethelocknutwas
tightenedonthesleeveandthedistanceacrossthedisksatthe
outermostradiuswasmeasuredat90°internalswherethethrough
boltsmre located.Theseboltsweretightenedasrequiredto
maixrtaina constantmeasureddistanceacrossthedisksaroundthe
entirediskcircumfer~ceuutilthecenterlocknutwascompletely
drawnup. Theboltswerethenlockedtothedisks.

Bladeassmibly.-Themethodofassemblingthebladeringforthe
endurancerunswasthesamsasthatinreference2. Fortherotating
heat-shockcycles,however,theasseniblyccmsistedoffourbladesand
fourmetalspacers.Thisbladeringdidnotrequireuseofthe
assemblyfixturedescribedinreference1. A StiiQ Of 0.025-inch
asbestosclothwasfastenedwitha quick-dryingcementeroundthe
baseofthebladestoreducethepossibilityofdamagefrommotim
ofthebladesrelativetothemetalspacers.A 0.032-tichasbestos-
clothcushionwasfastenedaroundthesidesandshouldersofthe
bladebasesincontactwiththedisk-clampingsurfaces.Thefour
bkdeswerethenseparatedbyfourmetalspacerscontouredtomatch
therotor-clsmpingsurfacesandclampedbetweenthetwodisks.The
rotorassembledwithfourbladesandfourmetalspacersisshownin
figure2.

IMr&umentation.-Theinstrumentationwasthesameasthat
describedinreference2. A high-speedrecordingpotentiometerwas
addedfortheheat-shockrunstorecordchangesingastemperature.

B
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PROCEDURE

The scope oftheinvestigationisgivenintableI.

5

Spintests.”-Thespinrunsexedescribedinreference2.
Briefly,theyconsistedinoperatingtheturbineco~ tna ~tial
vaouumuptoa tipspeedof737feetpersecond(14,000rpa),which
isequivalenttoapproximatelyone-halfdesignloadonthebladesup-
portingshoulder.Thisprocedurewasfollawedthreetimeswitheach
bladeassemblypriortoanyhot-gasruns.Bythismeans,anyunde-
tectedflawsthatmightcausebladefailurewouldprobablybeelim-
inatedandthussimplifytheanalysisofanybladebreaksoccurring
inthehotrune.

Rotattigheat-shockI’UllS.- A seriesofrunswasmadetodeter-
minetheeffectofsuperimposingthermalstressesonthecentrifugal
stressesyresentinBody4SllCbladesduringturbineo~eration.
Duringtheseruns,theturbinewasoperatedatconstantsyeedtopro-
videcentrifugal.bladeloading.Theinlet-gasteqeraturewasin-
creasedfroma minimumtoa maximumvalueandthendecreasedtotie
originalterqeratureduringa specifiedperiodoft~. Eachpericd
oftimeorcyclewasdividedasfaraspossibleintoequalticrements.
Forexa@e, ina 3-minutecycle,1minutewasrequiredtoincrease
thegasteqeraturefromthemlxdmumtotiemaximumvalue. The temper-

ature was heldatthismaximumvaluefor1 minuteand1 minutewas
requiredtodecreasetheteqeraturetotheminimumvalue.

Theqerature veriatimwith“tWeforonecon@eteseriesof
heat-shockcyclesis_pesentedinfigure3. Thegastemperaturewas
variedbymanualadjustmentsofthevalvecontrolMngthefuelsupply
totheburner.A ccmstezrtrateoftaqeratureincreaseordecrease
wasnotalwaysmaintained,whicheqlainstheabsenceofparallelism
insomeofthecurves.

Bladeassembly1 consistedoffourslight2ychi~ledBody4611C
%lades(remainingfromtheendursnceo~erationofreference2)sepa-
ratedbyfourmetalspacers.Suchanassemblywasusedtoccnserve
bladesendtolessenthepossibilityofanybladesbeingdanmgedby
fl@ng chipsfrcmanadjacentbladebreakage.Cyclesof5,4,3,
and2minuteswererunduringwh+chtheMet-gastemperaturewas
variedfrom300°to1200°to300 F ateachofthreetipspeedsy
263,526,end737feet~ersecond(5000,10,000,and14,000?q?m,
respectively).Shikr cycleswereruna~mg wl#4h the inlet-gas

temperature was variedfrom300°to1600°to300 F ateachofthe
threetipspeeds.
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Bladeassembly2 consistedofnewBody4811CMadessepa-
ratedbyfourmetalspacers.Cyclesof5,4,3,and2minutes
wererunduringwhic~theinlet-gastemperaturewasvariedfrom
300°to1200°to300 F ateachofthreetipspeeds,263,526,and
737feetpersecond.

Bladeassembly3 alsoccmsistedoffournewBody481.lC
bladesseparatedbyfourmetalspacers.Timecyclesof2,3,4J
snd5 minuteswererunata turlxlnetip’speedof737feetper
second,duringwhichtheinlet-gastemperaturewasvsriedfrom
300°to1800°to300°F. Thecycleswererunh thisorder,the
shortestfirst,h ordertosubjectthebladeshmediatelytothe
severestconditionsofallthepreviouscycles.Cyclesof5,4,3,
and2minuteswerealsorunata tip speedof842feetpersecond
(16,000rpm)duringeachofwhichtheinlet-gastemperaturewas
-ied overthesamsrange.Thisbladeasseniblywasalsosub~ected
toa blow-outcycleinwhichtheinlet-gastemperaturewasdecreased
from1700°to400°F in4 seccdswhiletheturbinewasrunningat
a tipspeedof842feetpersecond.

Bladeassemb&4 consistedofa completesetof58new
Body481JCblades.Runswithbladeassenibly4 consistedessentially
ofperiodsofenduranceoperaticmatever-increasingconditionsof
inlet-gastempm?atureandturbinetipsyeed.Theturbinewas
operatedataninlet-gast~eratureof1600°1’andtipspeedsof
737,789,and842feetpersecond(14,000,2.5,000,and16,000rpm).
Theturbinewasalsooperatedataninlet-gastemperatureof2000°F
anda tipspeedof631feetpersecad(12,000rpm).

.
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Me+imdofo~eiation.-A detaileddescriptionofthemethodof
turbineoperaticmisgivminreference2. Somechsngeshavebeen
incorporated,however,perticu3arlyintherotatingheat-shock
cycles.Ihmakingtheseruns,theoutletpressurewassettogive
a lowpressuredrop(1.5in.Hg)acrosstheturbineandtheburner
stsrtedata fuelfluwthatgayean inlet-gastemperatureofapproxi-
mately300°l?.Atthis~ointtheturbinewasacceleratedtoa tip
speedcorrespondingtothatatwhicha particularseriesofcycles
wastoberun.Thepressuredropwasthensetaccordingtovalues
ofinletandoutletpressureccmqnrtedtomintainzeroangleof
attackforanassumedconstantvalue(90percent)ofnozzleefficiency “
fortheccmibinatimofspeedandmaximumcycletemperaturetobe
run.Thefuelflowwasadjustedtovarytheinlet-gastemperatures
overa definiterangeinequalincrementsineachofseveraltime
cycles.Earunningtheblow-outcycle,thegastemperaturewas
reducedasqulc~ aspossiblebyc~letil,yshuttingoffthe
fuelsupply.



NACARME9107 7

.

.

.

Theoperatingyrocedurefortheendurancerunswassimilarto
thatofreference2 exceptfortherateatwhichtheinlet-gas
temperaturewasincreasedinsettinganoperatingpoint.Such
temperaturechangewasaccomplishedata rateappro~telyfive
timesasfastasintheyreviousrunning,abouta 500 F increase
perminute.

RESULI!SANDDISCUSSION

A S1.UUIEZy ofoperatingconditionsandresultsisgivenIn&ble II.

S~intests.-Bladeassemblies1,2,3,and4 successfullywith-
stoodthesItitestspreviouslydescribed.

Rotatingheat-shockruns.-Bladeassembly1 wassubjectedto
a seriesofheat-shockcyclesattipspeedsupto737feetpersecond.
Theminimum-shockcyclewasa changeingastemperaturefrom300°to
1200°to300°F in5 minutes.Therateofinlet-gastemperaturein-
creasewasequaltoapproximately9°F persecondandtherateof
imlet-gastemperaturedecreasewasequaltoapproximately9°F per
second.The=Ximum-shockcyclewasa changeininlet-gastemperature
from300°to1800°to300°F in2minutes.Therateofinlet-gas
temperatureIncreaseWasequaltoapproximately37~Fper second
and$herateofinlet-gast~eraturedeer-.sewasequivalentto
approximately37~0F persecond.Thebladessuccessfullywithstood
thecompleteseriesofheat-shockcyclesexceptfora smallpertof
theleadlngedgeofcmeblade.Wspectionoftheturbineafterthe
firstseriesofcyolesata turbinetipspeedof263feetpersec-
ondrevealedthat.asma12partoftheleadingedgeofonebladehad
chippedoff.A close-upofthisbladestillassembledinthetur-
binewheelaftertheentireseriesofrunshadbeencompletedis
shuwninfigure4. Allfourbladesusedinthisseriesofheat-shock
cycleshadalreadybeenchippeddur~ previouqenduranceruns,but
theroughedgeshadbeenhonedpriortoassemblyh theturbine.It
ispossiblethatthechiplostduringtheheat-shocktestswasthe
resultofa previouslyundetectedcrack.Becausenootherbreakage
occurre,dBody4811Cbladesevidentlyhavea greaterheat-shockre-
sistanceunderloadthanwasindicatedbyoperationinreference2.

Bladeassefil.y2 withfournewBody4811Cbladeswassubjected
toa seriesofheat-shockcyclesunderloadthatwereIntendedta
duplicatetheconditionsoftherunstowhichbladeassembly1 had
beensubjected.A beneficialheat-treatingeffectmaypossiblyhave

.
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occurredduringthe
wed inassembly1
cycles(reference4:
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previousenduranceoperationoftheblades
enablingthemtowithstandtheheat-shock
. Additionalrunsunderthesameconditions

weremadewithnewBody481Mbladestoindicatewhethersuch
bladeewereequallyresistanttoheatshockunderload.Approxi-
matelyone-halfoftheIntendedcycleshadbeencompletedwhena
brokenbladeresultedduringthe%minute,300°to1200°to
300°3’cycleat737feetpersee@. Atthetimeofbre~ge,

the bladesModsuccessfullywithstoodtemperaturechangesfrom
300°to1200to300°F at263and526feetperseccmdforeach
cyclerunwithbladeassembly1. Inviewofsubsequentresults
withbladeassembly3, thebrokenbladeprobablyresultedfrom
aninternalflawthatwasinsufficimtlydevelopedtofailinthe
spintests.

Bladeassembly3 alsocontainedfournewBody4811Cblades.
Thisassemblywassubjectedtosimilarheat-shockcyclesinsofaras
thetemperaturerangeanddurationofeachcycleisconcerned;
however,theturbinewasoperatedattipspeedsof737and842feet
persecondanda nmximumtemperatureof1800°F. Inaddition,a
blow-outcyclewasrunat842feetpersecand.Thebladessuccess-
fullywithstoodallheat-shocktestsandwerenotchippedordamged
inanyway. Intheseruns,thebladesweresubjectedtogreater
combinedcenla?ifu@andthermalstressloadsthanbhdeassembly2
hadundergcne.Theblow-outcyclewasruutosimulateas nearlyas
possiblethebladestressesencounteredinanactualflightinstalla-
timlwhenthefuelsupplyissuddenlylost.Sucha cycleis similar

to a decreasing-temperatureheatshocksuchasoccurredwithanentire
bladeringofBody4811Cbhdesinpreviousrunning(reference2).
b theinvesti~tionreportedherein,however,thecentrifu@load
cmthebladeswasthreetimesasgreatasintheemergmcyshutdown
describedinreference2. EvenIntheemergencyshutdown,onlyone
bladebrokeafter23hoursofhi@-temperatureenduranceoperation;
Body481.lCbladesdemons-tedgooddecreasing-temperatureheat-shock
resistantproperties.Thesepro~ertiesareevenfurtherdemonstmted
bytheblow-outcycledescribedherein.

Bladeassembly4 consistingof58newBody4811Cbladeswas
operatedfor60-minuteintervalsat1 00°F andvarioustipspeeds8upto842feetpersecondandat2000F ata tipspeedof631feet
persecondwithoutanydamagetotheblades.me turbinerotorend
bladeassemblyafterthisperiodofoperationisshowninfigure5.
Theserunswereessentiallyenduranceteststodeteminethelimiting
conditionsattainablewithBody481.J.Cblades.Theminimumoperating
conditionssetforthisrunwerethesameasthemxtiumoperating

r

.
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conditionsattainedintheearlierinvesti~tion(reference2).
Whenthelnirbinewasdisassembledforinspection,itwasfound
thatthemetaldiskshadbecomedistorted.

SUMMARYOFRESIIUH

Thefollowingresultswereobtainedfromthecontinuedin-
vestigationofa gasturbinewithNationalBureauofStandards
Body4811Cceramicrotorblades:

1. Theturbinewasruncoldwithoutbladefailureuptoa
tipspeedof737feetpersecondwitheachbladeassemblyprior
tothehot-gastests.

2. Bladeassembly1, whichconta”tiedbladessubJectedto
previousenduranceoperationat1800°F,withstoodcompleteheat-
shockcyclesInwhichthees temperaturewasvariedfrom300°to
1800°to300°F atvarioustipspeedsupto737feetpersecmd,
whichisequivalenttocentrifugalbladeleadsofone-halfdesign
value.Onlytheleadingedgeofonebladewaschippedduring
theseruns.

3. Bladeassembly3 containingnewbladesalsowithstood
similarheat-shockcyclesattipspeedsof737smd832feetper
second,whichareequivalent“tobladecentrifugalloadsofapproxi-
matelyone-halfandthree-fourthsdesignvalue,withoutdsmage.
Thesebladesalsowithstoodwithoutdemagea decreasing-temperature
heat-shockcycleinwhichtheinlet-gastemperaturewsadecreased
from1700°to400°F in4 secondsundercentrifugalbladeload
three-fourthsofdesignvalue. “

4. Theturbinewasoperatedwitha completesetof58new
bladesat1800°F enda tipspeedof842feetpersecond
(16,000rpm)andat 2000°F witha tipspeedof631feetpersec-
ond(12,000rpm)withoutdamagetotheblades.Theseconditims
considerablyexceedthemaximumoperatingconditionsattainedwith
Body4811Cbladesduringthepreviousinvestigation.

5. Themethodofreducingstiessconcentraticmsattheblade
supportingshouldersintroducedina previousinvestigationwas
satisfactoryuptotipspeedsof842feetpersecond(16,000~).

.

*
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6.Body4811Cbladesdemonstratedtheabilitytowithstand
thermal-shockconditionsundercentrifugalloadingintheturbine
used.Asa result,a turbinestartingandshutdownproceduremore M
nearlylikethatofconventionalmetal-bladeturbinesthanhas
beenusedheretoforeoanbefollowedwithBody4811Cblades.

LewisFlightPropulsion Laboratory,
Nati&alAd~isoryCommitteeforAeronautics,

Cleveland,Ohio.
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TABLEI. SUM44RYOFPROCEDUREFORECWOR-BLADEINVEST1GA5!IOE

Inlet-gas Turbine
tipspeed
(ft/see)

737

Q7cle
(min)l

Type of
test

Blade-
ring
assembly

temperature
(°F)

1 &om tem-
perature

spin “

263,526,7371 300-1200-300
t

3
2

Rotating
heatshock

300-U300-300 263,526,737
i

3
2

2 300-LX?O-300 263,526,737

300-MOO-300 7373

4 (see)1700-400 W2kBlow-outEndurance 737,7g9,@+2
631

4 1800

2000
‘-’-@&c.f&--=

1
‘Eachcyclewasdivided,asfaraspossible,intoequalincrements.

.
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Figure 1. - Assembly of disk, shaft, and sleeve. G
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F@u-e 2. - lhrblne wheelassembledwithfourBody 4811Cblades& fourmetalapaoerafor
rotatingheat-shookruns.
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Figure 3. - Rotating heat-shock cycles with blade assembly 3. Blade

centrifugal load, three-fourths of design value; turbine tip Speed,
842 feet per second (16,000 rpm).
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